Oxygen depletion events and anoxia are a key threat to shallow marine coastal seas worldwide. The mortalities they trigger, however, are difficult to document in full. We developed an underwater device to experimentally induce hypoxia and anoxia on the seafloor. The EAGU (Experimental Anoxia Generating Unit) combines a time-lapse camera and flashes with an array of sensors and a datalogger. The unit was successfully deployed in 24 m depth in the Northern Adriatic Sea for 3 to 5 d and yielded detailed information on the behavior and sequence of mortality of macrobenthic organisms -both epi-and infauna -under decreasing oxygen and increasing H 2 S concentrations. This unit, designed as a chamber with an instrument lid, also can be deployed in an open configuration to document low dissolved oxygen (DO) events. The equipment can provide data for a catalog of behavioral patterns, define indicator species, help reconstruct past mortalities, and better gauge the stability and status of benthic communities.
"Dead zones" in the world's oceans are at the top of the list of emerging environmental challenges (UNEP 2004) . The nearly 150 such zones that have been identified (Diaz 2001; Diaz et al. 2004 ) are caused by oxygen deficiency in bottom-water layers. Waters with oxygen concentration below 2.0 mL L -1 are termed hypoxic, with anoxia referring to oxygen-free conditions (Diaz and Rosenberg 1995) . The Northern Adriatic Sea is one such zone and is a case study for long-term decrease in dissolved oxygen concentration and associated benthic community changes and mortalities (Stachowitsch 1984; 1991; Justić et al. 1997) . It combines many of the characteristics known to promote such events, such as relatively shallow waters, soft-bottoms, seasonal stratification and long water residence times (Ott 1992) . Furthermore, it suffers from eutrophication, which is known to trigger and increase the severity of oxygen depletion events (Rabalais and Turner 2001; Grall and Chauvaud 2002; Gray et al. 2002) . Finally, the Northern Adriatic has repeatedly experienced extensive and dense marine snow and so-called "mucilage" events, which are intimately related with eutrophication and benthic mortalities (Stachowitsch et al. 1990; Justić et al. 1993; Degobbis et al. 1999; Koenig 2000) .
Benthic mortalities and marine snow events are known to have occurred here periodically for centuries (Crema et al. 1991) . Even though the frequency and extension of benthic disturbances are increasing here and elsewhere (Justić 1991; Diaz and Rosenberg 1995; Diaz 2001; Wu 2002; Harley et al. 2006) , such disturbances are still difficult to document. A first photographically documented mortality event was discovered by chance using an underwater-TV camera sled (Fedra et al. 1976) . A subsequent, large-scale anoxia in 1977 was documented by Stefanon and Boldrin (1982) . They relied on a large Oxygen depletion and benthic mortalities: the first in situ experimental approach to documenting an elusive phenomenon Michael Stachowitsch 1 team of sport divers to record the extent of an ongoing oxygen depletion event. Additional benthic mortality events were also discovered in 1980, 1983, and 1989 during routine fieldwork (Stachowitsch 1991) .
Although seasonal anoxia in the northern hemisphere occurs mostly in late summer/fall (Pearson and Rosenberg 1978; Stachowitsch and Avcin 1988; Druon et al. 2004) , its actual timing is related to local weather conditions. The onset and extent of such disturbances are difficult to predict and tend to elude investigation in the field. Finally, mortality events often run their course within a few days (Stachowitsch 1984) , further hindering their full documentation.
Laboratory chamber/aquarium experiments on respiration and responses to decreasing oxygen concentrations typically involve individual specimens or species (Renaud 1986; de Zwaan 2001; Miller et al. 2002; Matozzo et al 2005; Shimps et al. 2005) . Their results, while physiologically accurate, do not combine all the relevant information about actual behavioral responses, intra-and interspecific interactions, mortality sequences, and community-level processes in the natural environment.
We addressed this dilemma by developing a device that can create and fully document small-scale experimental anoxia, in situ, as well as document the sequence of benthic mortalities. This instrument combines photo-documentation with detailed chemo-physical analyses and allows the behaviors and mortalities of benthic organisms to be analyzed during an oxygen depletion event from the onset. The focus is on the macrofauna because macroepi-and infauna are widely used to detect and monitor community responses to environmental change. Here, as in the past, we refer to the macrofauna as those organisms that are visible in situ to the naked eye and to the camera, although in certain other habitats, e.g., the deep-sea benthos, such organisms may be referred to as megafauna. Many benthic organisms are sedentary and longlived, and the community structure therefore reflects environmental conditions integrated over extended periods (Bilyard 1987; Gray et al. 1988; Bourget et al. 2003; Ragua-Gil et al. 2004) . Moreover, the benthos in the Northern Adriatic -via re-colonization and succession -can store information on prior disturbances over years or even decades and, therefore. can be regarded as a long-term memory of the overall system (Stachowitsch 1992) .
Materials and procedures

Design of the experimental anoxia generating unit (EAGU)-
The EAGU (Fig. 1) creates anoxia by sealing a 50 × 50 × 50 cm volume of water off from the surrounding environment. The instrument lid is positioned atop two different bases. The first is the "open" configuration (hereafter referred to as "frame"), a 2 cm aluminum-profile frame, (L × W × H = 50 × 50 × 50 cm) that is positioned over selected benthic organisms on the sediment surface. This configuration permits full water exchange and does not disrupt normal bottom-water currents. We observed no sediment accumulation or scouring of the seabed adjacent to the frame. This configuration is used to document animal behavior under normoxic conditions (as a control before reconfiguring to generate anoxia) or to record oxygen depletion events.
The second, "closed" configuration (hereafter referred to as "chamber") also consists of an aluminum-profile frame of the same size, but with 6-mm-thick plexiglass plates on its four vertical sides. This cube-like chamber is open above and below. The lower plexiglass edges are strengthened with sharpened aluminum elements. This chamber is pushed approximately 2 cm into the sediment to hinder water exchange through the substrate (Fig. 2) . The watertight lid (simple rubber seal around upper edge of chamber) prevents exchange with the water column. This configuration is used to document behavioral responses to decreasing oxygen concentrations. The four lower corners of both configurations are equipped with removable 7-cm-long tapered metal tips that help stabilize the device in the sediment. The chamber is also equipped with two 50-cm-long handles to facilitate transportation and manipulations.
The lid consists of a 12-mm-thick plexiglass plate measuring 51 × 70 cm and bears the equipment described below. 
Camera equipment:
A digital camera (Canon EOS 30D) with a zoom lens (Canon EFS 10-22mm, f/3.5-4.5 USM), mounted in an underwater carbon-fiber housing ( Fig. 1 ) with a dome port (both Bruder). The camera's number of effective pixels is 8.2 MP. The time-lapse function is effected by a Canon Timer Remote Controller (TC-80N3), and a 1 GB flashcard is used. The lens and its setting (14 mm) were chosen to provide an optimal combination of distortion-free images, a view of the entire 50 × 50 cm sediment area along with a portion of the vertical plexiglass walls, and to position the camera as close to the bottom as possible. This provided clearer images in turbid conditions (frame) and reduced the water volume in the chamber.
Two underwater flashes ("midi analog," series 11897; Subtronic). The flashes are modified to be adjusted manually (we used the 1/16 setting) and are attached to the lid by PVCswivel arms on two adjoining sides (Fig. 1) .
Two external battery packs power both the camera and the flashes (akku-safe 9Ah Panasonic; Werner light power Unterwassertechnik).
The camera housing is positioned such that it lies centrally over the frame or chamber. The camera housing port fits snugly into an O-ring-equipped opening, with the dome projecting below the lid. The housing is further attached to the lid with an L-shaped aluminum bracket. The housing has four sockets: two for the flashes and two for the battery packs.
Available power is usually the limiting factor in stand-alone long-term measurements. A special electronic control circuit ( Fig. 3 ) was developed in order to run the equipment for at least 72 h with sufficiently small and light external batteries in combination with a commercially available camera and flash.
The circuit was built on a small board (12 × 3 cm) using standard CMOS integrated circuits for logic functions and transistors for switching. The following functions were implemented: (1) A monitoring circuit (ICL7665 + Power Transistor) interrupts the 12 V supply power when the voltage falls below 10.2 V to prevent damage to batteries and electronics; (2) A stabilizing circuit (LM 317) provides a constant 7.5 V to the Canon camera. The camera automatically switches itself off 1 min after each shot; (3) A charging circuit (resistor + diode) constantly recharges the internal batteries in the flashes. These batteries are needed to provide the high current necessary to charge the flashes within a few seconds. With good tuning of the charging current, the internal flash batteries need not be changed; only the main external battery packs are exchanged between deployments; (4) The logic circuit controls the sequence of operation, which is initiated by a pulse from the separate Canon timer to a series of monostable multivibrators. First, the flashes are switched on and the camera receives a wake-up pulse. When both flashes are fully charged after a few seconds, their ready signal triggers the camera via its remote trigger input. The camera, in turn, triggers the flashes via its synchronized output. About 0.1 s after the shot, the flashes are turned off to save energy. After the camera switches off (automatically after 1 min), the system is ready for the next cycle. An additional timer turns off the flashes after 20 s should a malfunction interrupt the above sequence.
The camera was timed to take one photograph every 6 min. The shot rate is set with the Canon timer. The 6-min interval was a compromise between available energy supply, desired experiment length, and flash card capacity. It allowed the full anoxia event to be documented; the overall duration of the experiment, 3-5 d, corresponded well with the rapid course of an earlier mortality here (Stachowitsch 1991) . A lengthier interval would make it more difficult to reconstruct and attribute the movements of most mobile organisms to one and the same individual. We would also have missed many intra-and interspecific interactions.
Sensor equipment:
Two oxygen microsensors (sensor type: OX-100, outside tip diameter 90-110 μm), one hydrogen sulfide microsensor (sensor type: H2S-50, outside tip diameter 40-60 μm), and one A two-channel datalogger unit (PA3000UD, Unisense) with one compartment containing four amplifier circuits with displays and datalogger, and one compartment containing the battery and communication cable (Fig. 1) . Each of the twochannel loggers in the PA3000UD has a memory capacity of 4000 samples per channel and each was programmed to log sensor data every minute.
The sensors are positioned in plexiglass tubes (15 mm diameter; 40 cm length), and the tips are protected by factoryinstalled metal protector caps. The plexiglass tubes with the sensors are pushed through O-ring-equipped sensor ports in the four corners of the lid during deployment (Fig. 1) . For transport, all four sensors are pulled out and placed in a single plastic sheath on the lid (Fig. 2) . The tips of the two oxygen sensors are positioned in different heights above the sediment (approx. 2 and 20 cm) in order to detect potential oxygen stratification in the water. The hydrogen sulfide sensor is positioned about 2 cm above the sediment, the temperature sensor at 20 cm. The datalogger is strapped to the part of the plexiglass-lid extending beyond the underlying frame or chamber (Fig. 1,2 ).
An additional pH-sensor (WTW, TA 197-pH) was inserted into the chamber through an opening (2 cm diameter; sealed with a plastic stopper during regular operation) in one plexiglass panel of the closed configuration once a day during daily control dives (Fig. 5D ). This sensor is connected to a datalogger (WTW, Multi 197i) on the dive boat by a 60 m cable. Temperature was initially recorded with a Unisense, TP-200 sensor, but values were subsequently taken from the adjoining oceanographic buoy.
EAGU deployment-In a full deployment, the system is initially positioned in its open configuration over an aggregation of benthic organisms on the sediment for 24 h (Fig. 4A,5A ). Aggregations were selected based on the presence of a wide range of representative organisms.
Minimizing diver disturbance during deployment is important, and appropriate precautions were taken. One diver positions the frame, while a second diver, positioned several meters above the bottom, suspends the fully equipped lid in the water. The second diver then carefully sets the lid down on the open frame and fastens it. The flashes are flipped down and fastened at the appropriate angle, the sensors removed from the sheath and inserted through the appropriate sensor ports to the predetermined depth, and the datalogger initiated with a magnetic trigger stick. Two U-shaped metal brackets on each side of the camera (Fig. 2 ) simplify handling and transport in the water. The brackets are connected with a sliding crossbar that bears a ring. This allows a short (ca. 1.5 m) holding rope to be attached with a carabiner: the diver swims a short distance above the lid and does not disturb the sediment. No diver ever needs to touch the bottom. We also attached three ca. 15-cmdiameter floats to the crossbar: with standard SCUBA gear (appropriately inflated buoyancy compensator); this provides neutral buoyancy during manipulations (Fig. 2) .
After 24 h, the EAGU is switched to its closed configuration over the same assemblage for another 2-3 d. This requires removing the sensors and flipping up the flashes. One diver then unfastens and briefly lifts the lid, while the second exchanges the frame for the chamber. The sensors and flashes are then repositioned as above. The course of oxygen depletion is not manipulated: oxygen is not stripped and no H 2 S is added.
After each experiment, the lid is transported to the boat and serviced. Datalogger values and photos are downloaded, all batteries exchanged, and sensors recalibrated. Camera and flashes are reactivated on board, and the datalogger is reactivated underwater.
Deployment site-The EAGU was deployed on a soft-bottom (poorly sorted silty sands) in 24 m depth in the Gulf of Trieste, Northern Adriatic Sea. We chose a site adjoining the oceanographic buoy of the Marine Biology Station, Piran, about 2 km offshore (45°32'55.6′′N, 13°33′1.89′′E), to avoid damage by commercial fisheries. The bottom here is dominated by macroepibenthic communities consisting largely of sponges, ascidians, and brittle stars. It has been described as the Ophiothrix-Reniera-Microcosmus (ORM) community based on the three dominant genera (Fedra et al. 1976 ). The organisms here are typically aggregated in so-called multi-species clumpsbioherms -consisting of a shelly base overgrown by sessile organisms, which in turn serve as a substrate for many mobile and semi-sessile species (Zuschin et al. 1999 ). Our first experiments also revealed a diverse infauna community with welldefined reactions to anoxia.
Assessment
EAGU-deployment-The EAGU system was deployed in September 2005 and from July-October 2006 for a total of 13 experiments. The frame and chamber were deposited on the bottom, exchanged as outlined above, and retrieved at the end of the experimental series. The lid was brought aboard and serviced after every experiment. Servicing the equipment on the lid and downloading the data took about 1 h, enabling us to immediately redeploy the system and obtain an uninterrupted series of experiments.
The system always induced anoxia within 1-2 d. Oxygen depletion reflected natural respiration rates, and the device itself prevented any substantial re-supply of oxygen from outside. For example, the sediment and water along the lower inner walls of the chamber apparently were not better oxygenated than elsewhere inside because both the upper and lower oxygen sensors showed virtually the same values. Moreover, some infauna organisms emerged directly along the plexiglass wall.
Each experiment was continued for an additional 1-2 d to document the reactions and mortalities of the enclosed epifauna and infauna. The generation of anoxia demonstrates that settling the lower edges of the chamber only 1-2 cm in the soft sediment was sufficient to effectively seal off the fauna and hinder exchange with ambient water. An advantage of the chamber is that all the suspended particles sank to the bottom within a few hours, yielding clearer photographs than in the open configuration. The 1-2 d period was long enough to document the mortality of most, but not all species. The experiments were terminated when most organisms had died based on their body position and initial signs of decomposition, but usually before decomposition was too advanced to prohibit collection and identification of the organisms. At this point, the sediment has turned black and the enclosed water became more turbid (Fig. 4B,5C,D) .
After each experiment, the instrument lid was removed and as many organisms as possible collected. This was done by hand, initially using a wide-mouthed syringe and small sieve. Soft-bodied or decomposing and fragile organisms were placed separately in small plexiglass boxes. All collected organisms then were transferred to the laboratory and placed in shallow plastic trays or small aquaria with seawater. These were carefully observed to separate living from dead organisms.
Images and image evaluation-Depending on deployment length, the experiments yielded between 636 (63 h 30 min deployment) and 1333 images (133 h, 12 min). They can be viewed individually, successively scrolled with a computer mouse, or processed into time-lapse sequences (MPG files) using the Adobe Premiere 6.5 program. The unedited time-lapse sequence lasted between 14 and 40 s, but was extended by about 35% for better viewing using Adobe Premiere.
The image sequence was analyzed image by image and the behavior of the organisms was recorded on data sheets containing numerous categories describing reactions to decreasing oxygen and increasing hydrogen sulfide concentrations. Such categories included emergence from the sediment (for infauna), locomotion and body movements, interactions, and mortality. General categories for all mobile species, for example, included major and minor movements (both horizontal and vertical), whereas species-specific categories included emergence from the shell (hermit crabs), arm-tipping (brittle stars), or detachment from the substrate (certain anemones). The camera set-up accurately depicted all these events. It also clearly documented color changes of the organisms and the sediment. Certain organisms (e.g., large gastropods) tended to climb up the plexiglass walls and were not visible for lengthy periods (the climbing activity itself, however, was a useful oxygen-related behavioral response). After a certain period of anoxia, these individuals fell from the lid and their subsequent behavior was documented.
The 6-min interval between images was retained for all experiments because it enabled the successive movements of the organisms to be traced in detail. In more rapidly mov-ing animals (e.g., larger hermit crab, large gastropods), tracks on the soft sediment surface usually enabled the paths taken to be documented. This interval, however, cannot individually resolve rapid or rapidly repeated movements (e.g., body contractions of anemones and ascidians), but clearly captured key aspects of such movements. Moreover, lengthier phases of particular activities could be distinguished from inactive phases.
Datalogger results-The datalogger provided a dense set of data at the 1 min interval. The oxygen sensors demonstrated the success of the concept: oxygen values began to fall immediately after the frame to chamber switch and every experiment yielded anoxic conditions (Fig. 6) ; anoxia always remained until the end of the experiment. The sensor values changed in parallel, confirming the overall process. Moreover, the values of the lower sensor tended to be somewhat lower than those of the upper one (Fig. 6) , demonstrating gradients in the water, and helping to explain why many benthic organisms in our chamber (and during field oxygen depletion events) tried to reach higher substrates as oxygen values fell.
The hydrogen sulfide electrode added a complementary set of information. In every case, hydrogen sulfide first appeared after about half a day of anoxia and values then tended to increase rapidly (Fig. 6 ).
Discussion
The EAGU system documented the detailed behavioral responses of benthic organisms to decreasing oxygen concentrations, from the onset of behavior modification to moribund states or mortality. Moreover, it allowed modified behavior to be defined by initially showing normal, pre-hypoxic behavior in exactly the same species and individuals (at least the sessile and hemi-sessile forms) subsequently subjected to experimentally reduced oxygen concentrations.
The image analyses revealed individual behavior as well as interactions and community-level responses. Our initial evaluation confirms previously described basic responses such as the emergence of infauna from the sediment (Fig. 4B ,5B:"sc"), and the upward movement of many species to higher levels on available substrates (Fig. 5:"cr") . This confirms that the EAGU recreated conditions experienced during low DO events.
EAGU also provided previously unknown detail. For example, the emergence pattern of infauna individuals became visible, as did the relative emergence times of different species. Moreover, the speed and distance of post-emergence movement can be quantified. The system also captured species (e.g., infaunal shrimp) whose in situ behavior has never been documented before, either under normoxic or anoxic conditions. On the community level, the complete range of parallel and successive responses is combined in a single experiment. Interspecific interactions become apparent, for example, unexpected predation of brittle stars by anemones (Riedel et al. pers. comm.) . Anemones, less sensitive to anoxia, preyed on more sensitive brittle stars, providing insight into potential benefits of anoxia for certain species and yielding new interpretations of post-anoxia community structure.
Finally, all these observations are directly correlated to dissolved oxygen and H 2 S levels, allowing biological and chemical analyses in the same experiment. EAGU therefore provides insight into the course and effect of oxygen depletion events in the Northern Adriatic. It also will provide a catalog of behavioral modifications, distinguish between sensitive and tolerant species, and help interpret post-anoxia community composition.
The relatively small size and weight (40 kg) of our instrument -allowing deployment without larger vessels -as well as overall cost (ca. 30,000 €) and composition of readily available components and instrumentation should facilitate its deployment elsewhere.
Comments and recommendations
As in all newly developed underwater instruments, unexpected situations arose, setbacks were encountered, and modifications had to be made. For example, in some experiments the water was so (naturally) turbid that the open configuration would not have yielded useful images: in such cases, the experiments were started with the closed configuration (chamber), where the water quickly clears up (Fig.  5A,B) . This particle settlement means that the EAGU chamber can be deployed even in very turbid waters. The sensors used in EAGU are basically designed for laboratory use and are the most sensitive components of the system. They are exposed to damage above and below water and have a limited life (even if only stored). Their cost (ca 400 € apiece) requires liberal replacement costs to be calculated for lengthier deployments.
The post-experiment collection of the enclosed organisms entails a compromise between advanced decomposition and a duration in which even the most resistant species are moribund or dead. This critical interval can be missed if weather conditions delay termination of the experiment and lid retrieval. If collection and identification of more fragile organisms are an issue, then removal before the end of the experiment is recommended. This would require a sealable port in one of the plexiglass side walls large enough either to insert a long forceps, gripper, syringe, or to manually remove the dead organisms. It should minimize excessive entry of oxygenated water during manipulations.
A range of options exists for future deployments. One approach would be to place the EAGU over lebensspuren such as burrow openings of infaunal species or on undisturbed sediment rather than over visible macroepibenthic organisms. The device elicited clear and reproducible reactions in infaunal species, and the types of habitats in which they occur are often those affected by oxygen depletion in the Northern Adriatic Sea. Targeting the infauna would expand the range of species-specific behaviors already documented; it also would require taking sediment samples after the experiment to determine which species are resistant.
Finally, the EAGU's instrument package could be enlarged to include sensors that provide data on sediment chemistry. Such information would help interpret the anoxia process, in particular with regard to infaunal species. Ultimately, the meiofauna and microbial processes could be incorporated.
Another option is to add a third phase to the current twophase approach (open followed by closed configuration). Redeploying EAGU in the open configuration directly over the formerly enclosed quadrat after an experiment (but without collecting the organisms) would document post-mortality events. Such an additional 4-5 d deployment would yield information on the fate of dead organisms and decaying organic matter, the potential recovery of moribund or still active individuals, and on the return to the normal sediment coloration.
Future deployments will deepen our understanding of sensitive coastal ecosystems and provide additional information for coastal managers and decision-makers.
